† Background and Aims MADS-box transcriptional regulators play important roles during plant development. Based on phylogenetic reconstruction, the AP1/SEP/AGL6 superclade of floral MADS-box genes underwent one or two duplication events in the common ancestor of the core eudicots. However, the functional evolution of the AP1/ SEP/AGL6 superclade in basal eudicots remains uncharacterized. Epimedium sagittatum is a basal eudicot species valued for its medicinal properties and showing unique floral morphology. In this study, structural and functional variation of FUL-like (AP1 subfamily), SEP-like and AGL6-like genes in this species was investigated to further our understanding of flower evolution in angiosperms. Detailed investigations into the microsynteny and evolutionary history of the floral A and E class MADS-box genes in eudicots were undertaken and used to trace their genomic rearrangements. † Methods One AP1-like gene, two SEP-like genes and one AGL6-like gene were cloned from E. sagittatum. Their expression patterns were examined using quantitative RT-PCR in different vegetative and reproductive organs at two developmental stages. Yeast two-hybrid assays were carried out among AP1/SEP/AGL6 superclade, AP3/PI and AGAMOUS subfamily members for elucidation of dimerization patterns. In addition, possible formation of a ternary complex involving B class proteins with the A class protein EsFUL-like, the E class SEP-like protein EsAGL2-1 or the AGL6-class protein EsAGL6 were detected using yeast three-hybrid assays. Transgenic Arabidopsis or tobacco plants expressing EsFUL-like, EsAGL2-1 and EsAGL6-like under the cauliflower mosaic virus (CaMV) 35S promoter were generated and analysed. Genomic studies of AP1 syntenic regions in arabidopsis, columbine, strawberry, papaya, peach, grapevine and tomato were conducted for microsyntenic analyses. † Key Results Sequence and phylogenetic analyses showed that EsFUL-like is a member of the AP1 (A class) subfamily, EsAGL2-1 and EsAGL2-2 belong to the SEP-like (E class) subfamily, and EsAGL6-like belongs to the AGL6 (AGL6 class) subfamily. Quantitative RT-PCR analyses revealed that the transcripts of the four genes are absent, or minimal, in vegetative tissues and are most highly expressed in floral organs. Yeast two-hybrid results revealed that of the eight MADS-box proteins tested, only EsAGL6-like, EsAGL2-1 and EsAGL2 were able to form strong homo-and heterodimers, with EsAGL6-like and EsAGL2-1 showing similar interaction patterns. Yeast three-hybrid analysis revealed that EsFUL1-like, EsAGL6-like and EsAGL2-1 (representing the three major lineages of the Epimedium AGL/SEP/ALG6 superclade) could act as bridging proteins in ternary complexes with both EsAP3-2 (B class) and EsPI (B class), which do not heterodimerize themselves. Syntenic analyses of sequenced basal eudicots, rosids and asterids showed that most AP1-like and SEP-like genes have been tightly associated as neighbours since the origin of basal eudicots. Ectopic expression of EsFUL-like in arabidopsis caused early flowering through endogenous high-level expression of AP1 and formation of secondary flowers between the first and second whorls. Tobacco plants with ectopic expression of EsAGL2-1 showed shortened pistils and styles, as well as axillary and extra petals in the initial flower. † Conclusions This study provides a description of EsFUL-like, EsAGL2-1, EsAGL2-2 and EsAGL6-like function divergence and conservation in comparison with a selection of model core eudicots. The study also highlights how organization in genomic segments containing A and E class genes in sequenced model species has resulted in similar topologies of AP1 and SEP-like gene trees.
INTRODUCTION
MADS-box genes, including type I and type II, encode transcription factors that control diverse developmental processes in flowering plants (Alvarez-Buylla et al., 2000; Masiero et al., 2011) . In the four-whorled flower of Arabidopsis, type II MADS box genes (MIKC type) work together to specify the identity of floral organs (reviewed by Krizek and Fletcher, 2005; Theissen and Melzer, 2007) . Type II MADS domain proteins consist of the MADS, intervening, keratin-like and C-terminal domains (Egea-Cortines et al., 1999) . The highly conserved MADS domain is responsible for DNA binding, and is followed by the weak I domain. The K and C domains are required for protein complexes (Egea-Cortines et al., 1999) . The ABCDE model (Pelaz et al., 2000 (Pelaz et al., , 2001b Theissen, 2001) states that these genes fall into different categories based on their spatial -temporal function in floral development. A-function genes [APETALA1 (AP1) and APETALA2 (AP2)] specify sepal identity in the outer domain of the floral meristem; B-function genes [APETALA3 (AP3) and PISTILLATA (PI)] in combination with A-function genes regulate petal identity in the secondwhorl; B-function genes together with C-function genes [AGAMOUS (AG)] determine male reproductive organ identity, and C-function genes alone regulate the identity of female organs in the fourth whorl (Coen and Meyerowitz, 1991) . In addition, D-class genes determine specification of ovule development (Pinyopich et al., 2003) . The SEPALLATA-like genes AtSEP1 ( previously AGAMOUS LIKE 2), AtSEP2 (AGL4), AtSEP3 (AGL9) and AtSEP4 (AGL3) are required for organ identity in all whorls of the flower and are collectively called E genes (Pelaz et al., 2000 (Pelaz et al., , 2001b . All but one (AP2, AP2/ ERF gene family) of the A-, B-, C-and E-function genes characterized in plants are MADS box genes (reviewed by Kaufmann et al., 2005) . Together, these proteins form multimetric protein complexes consisting of four proteins ('Floral Quartet Model') that determine the identity of floral organ primordia (Honma and Goto, 2001) .
Many previous investigations have focused on linking the functional evolution of the floral MADS-box genes to morphological diversification of floral traits (Kim et al., 2005; Becker et al., 2011) . Some of the earliest gene duplication, diversification and fixation events occurred within the type II MADS-box genes, resulting in the occurrence of 12 subfamilies (Becker et al., 2003) . Moreover, detailed phylogenies of some MADS-box gene subfamilies suggest that a gene duplication event occurred before the radiation of extant angiosperms, producing two intrasubfamily lineages, for example the AP3 and PI lineages within the AP3/PI subfamily, the AG and SEEDSTICK (STK) lineages within the AG subfamily, and the AGL2/AGL3/FBP9 and AGL9 lineages within the SEP subfamily (Litt and Irish, 2003; Kramer et al., 2004; Zahn et al., 2005; Shan et al., 2007) . Another one or two successive gene duplications pre-dated the emergence of core eudicots, resulting in the euAP1, euFUL and AGL79 lineages within the AP1 subfamily, the TOMATO MADS6 (TM6) and euAP3 clade within the AP3 lineage, the euAG and PLENA (PLE) clade within the AG lineage, the AGL2/4, AGL3 and FLORAL BINDING PROTEIN9 (FBP9) clades within the AGL2/3/4 lineage, and the euAGL6 and AGL6-like clade within the AGL6 subfamily (Kramer et al., 1998 (Kramer et al., , 2004 Litt and Irish, 2003; Zahn et al., 2005; Viaene et al., 2010) . It is suggested that the functional divergence of paralogous MADS-box genes following duplication has been instrumental for the diversity of angiosperm floral development and morphology (Kim et al., 2005) . For instance, the duplication and divergence of AP3 and TM6 in the AP3 lineage was probably responsible for clearer separation of sepal and petal identity in core eudicots (Hileman and Irish, 2009 ).
A close relationship exists between the AP1, SEP and AGL6 lineages based on the phylogenetic analyses of type II MADS-box genes in angiosperms, giving rise to the AP1/ SEP/AGL6 superclade (Nam et al., 2003; Zahn et al., 2005) . Furthermore, no AP1 or SEP-like genes have been found in extant gymnosperms to date (Zahn et al., 2005) . There have been many reports on the isolation and functional characterization of AP1, SEP and AGL6 subfamily genes in core eudicots and monocots, but not in basal eudicots. Most genes in the AP1 subfamily are expressed in developing floral meristems and young flower organ primordia, as has been shown for AP1 (Huijser et al., 1992; Mandel et al., 1992; Mandel and Yanofsky, 1995) . The genome of Arabidopsis thaliana harbours four AP1-like genes, AP1, FRUITFULL (FUL), CAULIFLOWER (CAL) and AGL79. Partially redundant activities of AP1, FUL and CAL in controlling floral meristem identity have been characterized by comparing single, double and triple mutants (Ferrandiz et al., 2000) . However, a unique role was attributed to AP1 for specification of sepal and petal identity (Mandel et al., 1992) , as well as for FUL in fruit development (Gu et al., 1998) . The E-class genes SEP1/2/3/4 also function largely redundantly in Arabidopsis and are critical for the identity of all four whorls of floral organs and floral meristem determinacy (Pelaz et al., 2000 (Pelaz et al., , 2001a Ditta et al., 2004) . However, SEP-like genes were shown to exhibit non-redundant roles in other model plants. For example, LeMADSRIN is specifically required for fruit maturation in tomato (Vrebalov et al., 2002) , GhGRCD1 is required for staminode specification in Gerbera (Kotilainen et al., 2000) and PhFBP9 is involved in plant architecture in petunia (Vandenbussche et al., 2003) . Despite the lack of an obvious phenotype for agl6 mutants, a recent report on AGL6 function in Arabidopsis revealed that two key regulators of flowering time, FLOWERING LOCUS C (FLC) and FLOWERING LOCUS T (FT), were activated in a 35S::AGL6 overexpressor line and activation tagging mutant (Yoo et al., 2011) . In petunia, redundant functions for PhAGL6 and SEP-like genes in petal and anther development were revealed through double and triple mutant analysis (Rijpkema et al., 2009) .To date, in-depth investigations of AP1/SEP/AGL6 superclade genes have been largely restricted to the core eudicots, and little is known about their evolution, diversification and function in basal eudicots. In the present study, the basal eudicot Epimedium sagittatum (Berberidaceae) was selected as a model species for better resolving the ancestral relationships and functions of this important MADS-box superclade, prior to their duplication and divergence in the core eudicots. Epimedium plants are an excellent evolutionary model due to their distinctive and diverse floral morphologies, displaying evolutionarily intermediate forms including petaloid sepals and petals with nectariferous (nectar secreting) tissue on their inner face (Stearn, 2002) . Petals are variable in form and comprise a blunt nectariferous sac, or a nectariferous spur, at the outermost end (Fig. 1) , with some studies referring to these as nectariferous leaves (Hu et al., 2012) . In addition to the structural and functional analysis of specific Epimedium MADS-box genes, microsynteny analysis of AP1 and SEP-like genomic regions from basal eudicots, rosids and asterids species was performed to determine the basis for the similar phylogenetic topology of these genes in eudicots as a whole.
MATERIALS AND METHODS

Plant materials
Whole inflorescences, floral buds, roots and leaves were obtained from the following taxa: Epimedium sagittatum, Dysosma pleiantha Woodson, Nandina domestica Thunb. and Mahonia bealei (Fort.) Carrière. All plants were cultivated in WuHan Botanical Garden, the Chinese Academy of Sciences. All the materials for expression assays were immediately frozen in liquid nitrogen and stored at -80 8C.
Cloning and characterization of FUL-like, SEP-like and AGL6-like orthologues in E. sagittatum Total RNA was isolated from the tissues described above and from the dissected floral organs listed below using trizol reagent (Invitrogen, Carlsbad, CA, USA), for gene isolation and real-time quantitative PCR. First-strand cDNA for cloning was synthesized by Superscript II Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA) with a poly (T) primer. Isolation of the full length of the EsFUL-like homologue from E. sagittatum was performed with the EsFUL-like F and EsFUL-like R primers (Supplementary  Data Table S1 ) designed based on expressed sequence tag data (Zeng et al., 2010) .
Partial sequences containing the stop codon and 3 ′ untranslated regions of EsAGL2-1, EsAGL2-2 and EsAGL6-like genes were obtained by 3 ′ rapid amplification of cDNA ends (RACE) using degenerate primers and the SMARTII primer (Clontech, Carlsbad, CA, USA). To provide evidence of the duplication event of FUL-like genes in basal eudicots, partial cDNA of FUL-like genes from the additional basal eudicots D. pleiantha, N. domestica and M. bealei were isolated using the above method. Primary PCR products were diluted 1 : 10 and used as a template in a second PCR reaction. All PCR primers are listed in Supplementary Data Table S1 . The resulting cDNA fragments were purified from gel and cloned into pMD19-T vectors (Takara, Dalian, China). To discriminate between different gene fragments after cloning FUL-like genes, for each taxon 30 clones were sequenced (Invitrogen, Guangzhou, China), analysed by restriction digestion, or both. For isolation of the EsAGL2-1, EsAGL2-2 and EsAGL6-like gene in E. sagittatum, 30 clones for each gene were sequenced using the M13 universal primers (Invitrogen, Guangzhou, China). Full-length cDNA sequences of EsAGL2-1, EsAGL2-2 and EsAGL6-like were obtained by 5 ′ RACE.
Phylogenetic analysis
Protein sequence alignments were performed using the MUSCLE server (EMBL), with default settings. Nucleotide alignments were generated using aa2dna based on the amino acid alignment (Shan et al., 2007; Hu et al., 2012) . Phylogenetic analyses were conducted in MEGA5 using the maximum-likelihood method. A general time-reversible (GTR) model with a proportion of invariable sites was selected using model test. The resulting tree was subjected to bootstrap analysis based on 1000 replicates (Felsenstein, 1985) .
Stable transformation assay of EsFUL-like, EsAGL2-1 and EsAGL6-like To construct vectors for ectopic expression of EsFUL-like, EsAGL2-1 and EsAGL6-like genes, full-length coding sequences were digested from pMD19-T (Takara), using SalI and KpnI, and ligated behind the 35S constitutive promoter in an XhoI and KpnI digested binary pMV vector (derivative of pBI121 using T4 DNA
ligase; Takara). This yielded the constructs p35Spro-EsFUL-like, p35Spro-EsAGL2-1 and p35Spro-EsAGL6-like. All constructs were electroporated into Agrobacterium tumefaciens GV3101. The floral dip method for transforming Arabidopsis was performed as described by Clough and Bent (1998 Table S1 .
Gene expression analysis
Expression of EsFUL, EsAGL2-1, EsAGL2-2 and EsAGL6-like was detected in vegetative tissues (roots and leaves) and floral tissues dissected at both preanthesis ( petal expansion initiation) and anthesis (fully expanded petals). Dissected floral tissues included sepals, petals, stamens and carpels. Gene-specific primer pairs (Supplementary Data Table  S1 ) for EsFUL-like, EsAGL2-1, EsAGL2-2 and EsAGL6-like were designed in the C terminus of each gene. Specific Epimedium ACTIN primers (Huang et al., 2012) were used for relative quantification. For qRT-PCR, first-strand synthesis was performed using the PrimeScript RT reagent Kit (Takara). Each amplification reaction was performed with 50 ng of template cDNA. All reactions were performed in 20 mL containing SYBR Premix Ex TaqTM II (Takara) with 100 nM of genespecific primers or ACTIN control primers. Samples were amplified in triplicate for 40 cycles of 95 8C for 5 s and 60 8C for 34s. Melt curve analysis was used to test whether a single amplification product was formed. Relative mRNA abundance in different organs was determined using the 2 2DCt method for relative quantification normalized to ACTIN.
Protein -protein interaction studies by yeast two-hybrid and three-hybrid analyses
Yeast two-hybrid analysis was performed using the GAL4 system (Clontech, Mountain View, CA, USA). Full-length cDNAs of EsFUL-like, EsAG, EsAG11, EsAGL2-1, EsAGL2-2 and EsAGL6-like, as well as EsAP3-2 and EsPI without their MADS domain were inserted into the pGADT7 and pGBKT7 vectors (Clontech). All primers with restriction sites used for cloning into pGADT7 and pGBKT7 are listed in Table 1 . Due to auto-activation of EsAGL2-2 protein, two types of truncated EsAGL2-2 proteins were tested: EsAGL2-2DCI, missing the SEPII motif, and EsAGL2-2DCII, missing both the SEPI and the SEPII motifs. Auto-activation was found to be removed in EsAGL2-2DCII, and thus yeast two-hybrid analyses of all proteins were performed as described previously to identify homo-and hetero-dimerization (Rijpkema et al., 2009) .
To investigate whether B class proteins interact with AP1/SEP/ AGL6 superclade proteins to form a multi-protein complex, the IKC domains of the B class proteins EsAP3-2 and EsPI were expressed along with each of three proteins representing the major lineages of the Epimedium AP1/SEP/AGL6 superclade proteins using the yeast three-hybrid method. To obtain triple transformants, yeast strain AH109 was transformed with EsPIDM in vector pGBK-T7 as well as one of EsFUL, EsAGL2-1 or EsAGL6-like in vector pGAD-T7. Strains selected as containing each of these three vector combinations were mated to the Y187 strain carrying the pTFT-1 plasmid containing the IKC domain of EsAP3-2. Di-parental mating was performed by mixing strains in liquid yeast extract-peptone-dextrose (YPD) medium. Positive clones containing three vectors were screened on SD-Leu-Trp-Ade (SD medium without leucine, tryptophan and adenine). The yeast three-hybrid interactions were selected on SD-Leu-Trp-Ade-His (SD medium lacking Leu, Trp, Ade and histidine (His)) with 25 mM 3 ′ -aminotriazole (3AT) plates supplemented with X-a-Gal. Three independent clones for every combination and three technical replications for each clone were used to determine the interaction pattern.
Micro-synteny analysis
To study the micro-synteny of A function genes among basal and core eudicot plant genomes, approximately 200 kb of the genomic regions encompassing each of AGL79 (AT3G30260), AGL8 (AT5G60910) and AP1 (AT1G69120) from Arabidopsis were used as queries to find microsyntenic regions of papaya (Carica papaya), strawberry (Fragaria vesca), peach (Prunus persica) and grapevine (Vitis vinifera) using the Plant Genome Duplication Database (PGDD) as described by Causier et al. (2010) . Micro-syntenic fragments of tomato (Solanum lycopersicum) and columbine (Aquilegia coerulea) were obtained from the Sol Genomic Network website (http://solgenomics.net/) and phytozome (http://www.phytozome.net/).
RESULTS
Sequence and phylogenetic analysis of FUL-like, SEP-like and AGL6-like genes in E. sagittatum
To gain insight into the evolution of floral structures, we isolated FUL-like, SEP-like and AGL6-like genes from the basal eudicot E. sagittatum. Partial sequences were also obtained for FUL-like genes from the additional basal eudicots D. pleiantha (DpFUL-like), M. bealei (MbFUL-like) and N. domestica (NdFUL-like). Within the full-length sequence of EsFUL-like, we detected an open reading frame encoding 253 amino acids. The FUL-like sequences of D. pleiantha (DpFUL-like), E. sagittatum (EsFUL-like), M. bealei (MbFUL-like) and N. domestica (NdFUL-like) all contain the typical FUL-like gene motifs and paleoAP1 motif ( Fig. 2) (Shan et al., 2007; Liu et al., 2010) . The full-length cDNAs of EsAGL2-1 and EsAGL2-2 contained open reading frames encoding 241-and 244-amino-acid proteins, respectively. These sequences shared 71 . 9 % nucleotide identity and 77 . 5 % amino acid identity in their coding regions, and both deduced proteins contained a conserved SEP I and SEP II motif at their C terminus ( Fig. 2 ; Zahn et al., 2005) . Sequence analysis of the EsAGL6-like gene revealed a putative encoded protein of 149 amino acids. Furthermore, alignment to additional dicot AGL6-like sequences indicated that the EsAGL6-like protein contains the highly conserved AGL6 motif I and AGL6 motif II located in the C-terminal region ( Fig. 2 ; Ohmori et al., 2009) .
Phylogenetic analysis was performed for the 30 AP1-like genes and 27 SEP-like genes isolated in this study, supplemented with sequences retrieved from the PGDD and NCBI databases. The AP1-like genes from core eudicots could be assigned to one of three lineages, euAP1, euFUL and AGL79, consistent with previous phylogenetic analyses (Litt and Irish, 2003; Shan et al., 2007) . Outside of lineages from the core eudicots, the four AP1-like genes from the family Berberidaceae clustered together with homologues from additional families within the basal eudicot order Ranunculales. However, maximum-likelihood analysis did not support the hypothesized duplication event for AP1-like genes in basal eudicots, possibly as a result of using too few sequences for reconstructing the evolutionary process.
Phylogenetic analysis of SEP-like genes revealed four clades corresponding to AGL2/4, FBP9 and AGL3, in core eudicot species based on previous investigations (Zahn et al., 2005) . In addition, the putative EsAGL2-1 and EsAGL2-2 paralogues, which were produced by a gene duplication event within the Ranunculales, were distinct from the core eudicot sequences (Fig. 3) . Maximum-likelihood phylogenetic analyses of EsAGL6-like and related genes demonstrated that EsAGL6-like sequences clustered with two additional sequences from A. coerulea and Ranunculus bulbosus.
Expression pattern of EsFUL-like, EsAGL2-1, EsAGL2-2 and EsAGL6-like genes To establish the putative functions of EsFUL-like, EsAGL2-1, EsAGL2-2 and EsAGL6-like genes in developmental processes, we examined their tissue-specific expression levels in roots, leaves and dissected floral organs at both late preanthesis and anthesis (Fig. 4) . As expected, qRT-PCR analyses on dissected flower and vegetative tissues revealed the highest mRNA abundance for all genes in the floral tissues relative to the vegetative tissues, with all transcripts absent in root tissue. Both EsAGL2-1 and EsAGL6-like were also absent in leaves, while EsAGL2-2 and EsFUL-like were present at relatively low levels in leaves. In addition, most of genes are more strongly expressed in every organ after anthesis, whereas EsFUL-like Fig. 5 ). In addition, ectopic expression of EsFUL-like showed a strong floral phenotype similar to that observed for the ap1 mutant. Specifically, one or two extra flowers emerged between the first and second whorl, while the morphology of sepals and petals remained unchanged.
To examine the molecular basis of the early-flowering phenotype of transgenic 35S::EsFUL-like lines, the expression of known flowering-related genes in these lines was analysed by qRT-PCR. This revealed dramatically increased expression of the known floral regulators AP1 and SOC1 in EsFUL-like transgenics compared with the wild-type, while expression of CO, FT and LFY was only slightly increased (Fig. 6) . Thus, the perturbed floral phenotype coincided with upregulation of two MADs-box genes. In addition, there was a slight decrease in the transcript abundance of the repressor FLC gene in transgenic plants.
Phenotypic changes in over-expression lines of EsAGL2-1 in tobacco
As there were no obvious phenotypic alterations in transgenic Arabidopsis ectopically expressing the EsAGL2-1 and EsAGL6-like genes, their putative function was further investigated by ectopically expressing them in transgenic tobacco, a more closely related solanaceous species. No phenotypic alterations resulted from ectopic EsAGL6-like expression; however, over-expression of EsAGL2-1 caused pistils and stamens to be curled compared with control lines. Furthermore, 35S::EsAGL2-1 plants developed terminal flowers with ectopic organ proliferation in the form of abnormal, petal-like organs protruding from sepals and petals of the initial flower (Fig. 7) .
Protein -protein interaction patterns detected in yeast
Pairwise interactions among MADS box proteins are the molecular basis for the Floral Quartet Model (Theissen, 2001) , and thus pairwise interactions between MADS box proteins from different species or lineages of angiosperm may provide insight into the functional diversification and specificity of these protein -protein interactions (Ferrario et al., 2003) . In this study, the yeast two-hybrid system was used to detect protein -protein interactions both among members of the AP1 (Table 2) . When EsFUL-like, EsAP3-2, EsPI, EsAG, EsAG11, EsAGL2-1, EsAGL2-2 and EsAGL6-like were fused with the GAL4 binding domain and then introduced into the AH109 yeast strain, only EsAGL2-2 showed auto-activation. To prevent this we modified the EsAGL2-2 coding sequence by deleting the SEPI and SEPII motifs in the C terminus. Both the truncated version (in pGBKT7) and the full-length version ( pGADT7) were used in subsequent experiments. To analyse the extent of functional conservation and divergence between the paralogous EsAGL2-1 and EsAGL2-2, we first examined their ability to interact with different protein partners. Yeast twohybrid results showed that both EsAGL2-1 and EsAGL2-2 interacted with EsAP3-2 and EsAGL6, and also interacted with each other and themselves. However, EsAGL2-1, but not EsAGL2-2, interacted with EsFUL-like and EsAG, while EsAGL2-2, but not EsAGL2-1, interacted with EsAG11. In addition to binding EsAGL2-1 and EsAGL2-2, EsAGL6-like was able to dimerize with EsAP3-2, EsAG and EsAG11. No interaction was detected between EsFUL-like and EsAP3-2, EsAG or EsAG11. Furthermore, heterodimers between EsAP3-2 and EsPI were not detected in the yeast two-hybrid system when truncated IKC proteins (missing the MADS domain) were used. Weak homodimerization was detected for EsFUL-like and EsAGL6-like proteins.
As floral homeotic function requires the formation of higher order protein complexes (Honma and Goto, 2001) , yeast threehybrid analysis was used to test ternary complex formation between the B class protein (AP3-PI heterodimer) and A, C and E class proteins from Arabidopsis, petunia, chrysanthemum and tomato (Honma and Goto, 2001; Ferrario et al., 2003; Shchennikova et al., 2004; Leseberg et al., 2008; Broholm et al., 2010) . In this study, we examined the interaction of the B class proteins EsAP3-2 and EsPI, with the A-class protein EsFUL-like, E-class protein EsAGL2-1 and the AGL6 class protein EsAGL6 (Table 3) . EsFUL-like, EsAGL2-1 and EsAGL6-like proteins had the ability to form multimeric complexes with a combination of EsAP3-2 and EsPI.
The euAP1/AGL79/euFUL and AGL3/AGL2, 4FBP synteny in rosids, asterids and basal eudicots To further decipher the basis for the similar phylogenetic structure of euAP1/AGL79/euFUL and AGL3/AGL2, 4/FBP9, we used PGDD (Causier et al., 2010) to explore micro-synteny among the Arabidopsis, grapevine, strawberry, peach and papaya genomic regions. Tomato chromosome data available from the Sol Genomic Network website and Columbine (Aquilegia sp.) sequence data from phytozome were also analysed, providing a data set spanning the major eudicot rosid and asterid clades, as well as basal eudicots. The 200-kbp genomic regions of euAP1, AGL79 and euFUL extracted from the core eudicots shared a number of genes, including a universal stress protein (USP), a SEP-like gene and the REVERSIBLY GLYCOSYLATABLE POLYPEPTIDE (RGP) gene. This predicted a USP -AP1 -SEP -RGP ancestral genetic composition, which pre-dated the divergence of the AP1, euFUL and AGL79 gene lineages. To test this prediction, two putative segments containing FUL-like genes from the basal eudicot Aquilegia coecula were also explored. One segment also contained an SEP-like gene, FUL-like gene, RGP gene and USP gene, supporting the predicted ancestral state and segmental duplication or polyploidization events giving rise to the three AGL3/AGL2,4/FBP9 lineages following Aquilegia divergence.
Specific collinear genes in different homologous segments of euAP1/AGL79/euFUL
The euAP1 genomic region of all plants analysed showed strong micro-collinearity with the exception of Arabidopsis. At least four genes -NOP14-like (here designated NOP14), a protein of unknown function (here designated UN), USP and KINASE PROTEIN gene (KIN) -were found conserved among all the species we examined (Fig. 8) . Moreover, the SQUAMOSA and PROMOTER-BINDING-like 6 (SPL6) genes were present in both the euAP1 and the euFUL blocks in the same orientation for all species. The CRABS CLAW (CRC) and BINDING PROTEIN (DNA BL) genes from Arabidopsis show collinearity in euAP1 genomic fragments in all species except papaya. Comparative analysis of the Arabidopsis genomic regions containing AP1 and CAL suggest that these resulted from a Brassicaceae-specific duplication, followed by subsequent gene loss and rearrangement in the CAL region.
Within the AGL79 region, the DSBA OXIDOREDUCTASE family-like gene (DSBA), REGULATOR OF CHROMOSOME CONDENSATION PROTEIN (RCC1-like), MYB DOMAIN PROTEIN 121 (MYB121) and BRASSINOSTEROID-6-OXIDASE (BR6OX1) genes were strictly conserved in the same order and orientation in rosid and asterid species, while both DSBA-like and RCC1-like were absent in Arabidopsis and BR6OX1 was missing in F. vesca. Also specific to F. vesca, this syntenic block showed inversion of the BR60X1 flanking genes, RGP-like and PHOSPHORIC DIESTER HYDROLA SES-like gene (PDH).
Close examination of the euFUL genomic regions revealed that four genes, namely CARRIER protein-like gene (CA), GLYCOSYLTRANSFERASE-like gene (GLY), BETA-N-ACETYLGLUCOSAMINE-like (ACE) and ATP-DEPENDENT RNA-HELICASE (ARH), were syntenic within grapevine, strawberry, peach and papaya. A WD-40 repeat family member (WD-40) was highly syntenic within the euFUL blocks of Arabidopsis, grapevine, peach, strawberry and papaya. The PENTATRICOPEPTIDE (PPR) repeat-containing protein and COBRIA (CO) genes were also syntenic in rosids and asterids except for grapevine and papaya. Interestingly, two separate genomic regions in papaya were found to share collinearity with the euFUL-containing regions of rosids and asterids; 
FIG. 4. Expression profiles of (A) EsFUL-like, (B)
EsAGL2-1, (C) EsAGL2-2 and (D) EsAGL6-like genes in E. sagittatum. Total mRNA was isolated from the roots, leaves, sepals, petals, stamens and carpels. Transcripts at preanthesis and anthesis stages are as indicated in the key. Error bars represent s.e. for three technical replicate reactions. All transcripts were normalized using EsACTIN for E. sagittatum.
however, in both of these blocks, the euFUL-like and FBP9-like genes were absent, suggesting papaya may lack syntenic orthologues for these proteins. To infer whether the putative AGL3 and FBP9 orthologues are absent in the genome of papaya, we searched the PGDD and found two genes (evm.TU.supercontig_660 . 1 and evm.TU.supercontig_3 . 196) encoding SEP-like proteins, but lacking syntenic relationship with other species.
DISCUSSION
Previous studies in Arabidopsis and other model species have demonstrated that four pathways in combination regulate the transition to flowering: the photoperiodic, vernalization, autonomous and gibberellic acid pathways (Boss et al., 2004; Searle and Coupland, 2004; Adam et al., 2006) . MADS-box genes play critical roles in flowering and floral evolution by integrating these different pathways to form a regulatory network (Michaels and Amasino, 1999; Zhao et al., 2005; Adamczyk et al., 2007) . For example, the MADS-box SUPPRESSOR OF OVEREXP RESSION OF CONSTANS1 (SOC1) acts as a common target for all four flowering pathways and is transcriptionally controlled by two antagonistic flowering regulators, namely CONSTANS (CO) and FLOWERING LOCUS C (FLC), to accelerate flowering (Onouchi et al., 2000 ; reviewed by Lee and Lee, 2010) . Another key MADS-box gene, AP1, has dual roles in regulating the identity of floral organs in whorl 1 and 2 of the meristem, mainly by activating additional MADS-box genes including AP3, SHORT VEGETATIVE PHASE (SVP), AGAMOUS-LIKE 24 (AGL24) and SOC1 (Liu et al., 2008) . The latter three proteins act as suppressors of floral repressors and shoot identity genes (Liu et al., 2008) . Ectopic expression of AP1-like genes from monocots and core eudicots has been shown to induce an early-flowering phenotype (Chang et al., 2009; Lin et al., 2009; Varkonyi-Gasic et al., 2011) . Here we have shown that ectopic expression of EsFUL-like from the basal eudicot Epimedium sagittatum, predating the duplication and divergence of euAP1, euFUL and AGL79, mimics the early-flowering phenotypes of the euAP1 and FUL-like ectopic expressors from core eudicots (Elo et al., 2001; Shchennikova et al., 2004) and monocots, respectively (Fornara et al., 2004; Chang et al., 2009; Lin et al., 2009; Kinjo et al., 2012) (Fig. 5) . This suggests that euAP1 (not AGL79) from core eudicot species has maintained the ancestral function of the FUL-like gene from basal eudicots in regulating the floral transition. In Arabidopsis rosette leaves, ecoptic expression of the MADS-box genes MADS1 (Lin et al., 2009) and SOC1 leads to AP1 upregulation and a resulting early-flowering phenotype. Consistent with this, a significantly large-fold upregulation of endogenous AP1 occurred in 35S::EsFUL-like lines (Fig. 6) . However, these plants also displayed some ap1 
Interaction between selected proteins was tested by growing yeast containing these genes on selection plates SD-Leu-Trp-His-Ade +10 mM 3-AT. Protein interactions detected by yeast two-hybrid assay were classified as absent (-), weak (-/+) or strong (+). 
The class B genes EsAP3-2 and EsPI were inserted into pTFT-1 and pGBKT7 vectors, respectively, whereas the EsFUL-like, EsAGL2-1 and EsAGL6-like genes were inserted into the pGADT7 vector. +, strong interaction; -/ + , weak interaction; -, no interaction; N, no test. mutant phenotypes, including supernumeral growth of axillary organs in primary flowers (Fig. 5) . Interestingly, this phenotype was not caused by down-regulation of endogenous AP1 as AP1 expression was detected in transgenic 35S::EsFUL-like Arabidopsis (Fig. 5) . One possibility is that the ectopically expressed EsFUL-like has a dominant negative effect on endogenous AP1 levels by sequestering AP1 in a MADS-box multimeric protein complex, which may show altered activity and thus perturbed floral meristem identity (Fornara et al., 2004) . However, a dominant-negative effect on AP1 is not consistent with the early-flowering phenotype of 35S::EsFUL-like plants.
In wild-type Arabidopsis, suppression of SOC1, SVP and AGL24 by AP1 is required to inhibit shoot and inflorescence formation (Liu et al., 2008) . In ectopic EsFUL-like expressor lines, AP1 transcripts were significantly upregulated, but so too were the additional floral regulators SOC1, CO, TFL, LFY and FT (Fig. 6 ), which may also explain the development of ectopic floral organs and terminal flowers in transgenic plants (Gregis et al., 2009) .
Ancestrally conserved functions for FUL-like genes in floral development
The diversification and neofunctionalization of MADS-box transcription factors throughout evolution has contributed to the extensive diversity in plant form and function that exists today. Within the AP1/SEP/AGL6 (APETALA1/SEPATELLA/ AGAMOUS-Like6) superclade of floral MADS-box proteins in angiosperms, the AP1/SQUA subfamily has undergone three duplication events giving rise to the three eudicot subfamilies: euAP1, euFUL and AGL79 (Litt and Irish, 2003; Shan et al., 2007) . Lineage-specific changes in coding and regulatory sequences following gene duplication events are central to their functional diversification. Analysis of AP1/SQUA-like gene expression patterns in angiosperms indicates that euAP1 lineage genes were transcriptionally restricted to floral tissues following divergence from the euFUL/euAGL79 eudicot lineages, which show broader expression patterns, also shared by their counterparts in basal angiosperms, monocots and basal eudicots (Fornara et al., 2004; Kim et al., 2005; Shan et al., 2007; Chang et al., 2009; Lin et al., 2009; Liu et al., 2010; Pabón-Mora et al., 2012 , 2013 . Transcripts of EsFUL-like in Epimedium sagittatum were detected in vegetative (leaf ) and floral tissues both before and after anthesis (Fig. 4) , consistent with broad transcription of FUL-like genes in basal eudicots. This further supports a broad ancestral function for FUL-like genes in flowering and floral meristem determination in angiosperms, which may have been later partitioned between different paralogous gene copies following duplication and neofunctionalization in the core eudicots.
A role for E class and AGL6 genes in Epimedium Alignment of Epimedium EsAGL2-1 and EsAGL2-2 to other plant E class MADS-box proteins revealed the conservation of the common SEP I and SEP II motifs in the otherwise divergent C terminus (Fig. 2) . Phylogenetic analysis, combined with tissue-profiling of transcript abundance (Fig. 3) , revealed that these putative paralogues may have arisen by gene duplication, followed by slight modification of expression profile and also preferred protein interactive partners. E class proteins form homodimers or heterodimers with other MADs-box proteins in several plant species (Pelaz et al., 2001a; Liu et al., 2010; Ruokolainen et al., 2010) . Consistent with this, yeast two-hybrid assays revealed that EsAGL2-1 and EsAGL2-2 interacted broadly with proteins from the A, B, C, E and AGL6 classes (Table 2) . Furthermore, co-expression of interacting partners in all floral organs (Fig. 3) supports these protein interactions, and suggests a functional requirement for protein partners within the same spatiotemporal boundaries. Together, this indicates that the conserved pattern referring to broadly interactive ability of E class proteins was established in basal eudicots before diversification of the core eudicots. Similar evidence from other basal eudicots, including Euptelea pleiospermum and Akebia trifoliate, also supports this conclusion (Liu et al., 2010) .
Functional studies in Arabidopsis and tomato revealed essential roles of SEP-like E class genes in promoting the identity of floral organs in all whorls . Ectopic expression of AGL2-like genes from lily (Tzeng et al., 2003) and orchid (Chang et al., 2009) in Arabidopsis caused early-flowering phenotypes. In this study, ectopic expression of EsAGL2-1 resulted in malformed stamens and pistils, and produced extra petaloid organs, suggesting a role for EsAGL2-1 in regulating the development of petals, stamens and carpels. However, an earlyflowering phenotype was not visible in the 35S::EsAGL2-1 transgenic lines in this study, suggesting that EsAGL2-1 may not be involved in regulating the timing of the floral transition. In Epimedium, the similar sequence structure, expression profiles and shared protein interactions of EsAGL2-1 and EsAGL2-2 may make them partially redundant, similar to SEP genes in Arabidopsis (Ditta et al., 2004) .
Within the AGL6 subfamily of MADS-box genes, the divergence of the two AGL6-like and euAGL6 lineages in eudicots was associated with expansion of the AGL6-like expression domain to include vegetative tissues, and putative neofunctionalization of the two clades (Viaene et al., 2010) . In Epimedium, EsAGL6-like gene expression was confined to reproductive tissues (Fig. 4) , supporting reports that the ancestral AGL6 subfamily was restricted to reproductive organs (Viaene et al., 2010) . Yeast two-hybrid analysis revealed that, similarly to the SEP proteins, the EsAGL6-like protein can interact with proteins of other lineages such as FUL-like and AG lineage members. It has been suggested that AGL6 and SEP share similar functions on the basis of screening their interactive partners in Arabidopsis and Petunia (de Folter et al., 2005; Rijpkema et al., 2009 ). Therefore, it is possible that similar functions for both classes are evolutionarily conserved in basal eudicots. Overexpression of EsAGL6-like in transgenic Arabidopsis and tobacco revealed no obvious phenotype in this study. Further functional analysis using gene knock-down techniques, such as virus-induced gene silencing or RNAi, should facilitate improved functional analysis of EsAGL6-like genes.
Comparative protein -protein interactions (PPIs) and multicomplex formation in E. sagittatum Similar PPI combinations were found in Epimedium as demonstrated for other basal eudicots (Liu et al., 2010;  Pabón-Mora et al., 2013): for instance, homodimers formed for EsFUL-like, EsAGL2-1 and EsAGL2-2, and heterodimers formed between EsAGL2-1 and EsAGL2-2. Therefore, conserved PPIs within basal eudicots may play an important role in the establishment of conserved floral architectures (Shan et al., 2009; Liu et al., 2010) . In accordance with the results from Arabidopsis, chrysanthemum and tomato (Shchennikova et al., 2004; Piwarzyk et al., 2007; Leseberg et al., 2008) , the direct interaction of a B class protein with an E class protein was demonstrated in Epimedium, suggesting such heterodimerization may be universal in eudicots. Proper flower development is essential for angiosperm reproduction and survival. Specific combinations of higher order MADS-box complex formation may be essential for precisely regulating target genes for floral organ identity (Theissen, 2001; Melzer et al., 2009) . The Antirrhinum MADS proteins, DEF (AP3), GLO (PI) and SQUA (AP1), were the first reported to have the capacity for higher-order complex formation in binding the CArG box of downstream genes (Egea-Cortines et al., 1999) . The majority of MADS box higher-order complexes consist of at least one protein belonging to the A class or E class together with a combination of B class proteins. For instance, heterodimers between AP3 and PI can interact with SEP1 or SEP3 in yeast three-hybrid assays (Yang and Jack, 2004; Piwarzyk et al., 2007) . Furthermore, A class proteins including CDM8 (euFUL clade), CDM41 (FBP29 clade) and CDM111 (AP1 clade), and the E class protein CDM44 form ternary complexes with the presumed B class protein heterodimer CDM115 -CDM86 in Chrysanthemum (Shchennikova et al., 2004) . Our study indicates that A, E and AGL6 class proteins are able to interact with the B class proteins to form ternary complexes in Epimedium, suggesting this capacity may have been established before evolution of the core eudicots. Additionally, EsFUL, EsAGL2-1 and EsAGL6-like were able to bridge the interaction between EsAP3-2 and EsPI. Nonetheless, it is difficult to assign a biological role for ternary complexes involving EsFUL, EsAGL2-1 and EsAGL6-like proteins identified in this study. In Arabidopsis, ecoptic expression of AP3, PI and SEP3 together converted leaves to petals, a phenotype that was further pronounced when AP1 was simultaneously over-expressed (Honma and Goto, 2001 ). Interaction of a B class protein heterodimer with an A class protein that is referred to as the third protein can enhance the binding capability of the transcription factor complex (Egea-Cortines et al., 1999) . We therefore speculate that an important function of EsFUL-like, EsAGL2-1 and EsAGL6 proteins are to add transcriptional activity to multimeric MADS transcription factor complexes.
Duplication of A/E probably resulted from genome triplication
The AP1/SQUA subfamily contains three lineages in core eudicots (euAP1, euFUL and AGL79) as a result of two gene duplication events (Litt and Irish, 2003; Shan et al., 2007) . Comparative genomic analysis of publically available genome sequences indicates that a shared ancient polyploidization event, named g, contributed to triplication of the genomes of asterids and rosids (Jaillon et al., 2007; Velasco et al., 2007; Jiao et al., 2011; Vekemans et al., 2012) . Our synteny analysis of the AP1/ SQUA locus in core eudicots identified three preserved syntenic groups of genes, indicating that a genome triplication event contributed to the occurrence of the three lineages (euAP1, euFUL and AGL79). In addition, tight association between adjacent A-type and E-type MADS box genes on the same chromosome were observed. Thus, it is likely that the similar phylogenetic topology shared within euAP1/euFUL/AGL79 and AGL2/AGL3/ FBP9 is a result of the g event. Interestingly, this linkage is not found in the euAP3/TM6 and euAG/PLE lineages (Causier et al., 2010) , suggesting independent loss of one copy after consecutive whole genome triplication. The majority of plant transcription factors are derived from processes of exponential genome expansion after polyploidization (Tang et al., 2008) . Therefore, increased numbers and complexity of transcription factors following ancient genome duplication events are suggested to have had a major impact on species diversification (Vekemans et al., 2012) . For MADS-box genes, relaxed selection on some branches at the base of the AGL79 and euFUL lineage, the euAP3 lineage, the euAG lineage, as well as the AGL3 and FBP9 lineages, may have contributed to non-functionalization, neofunctionalization or subfunctionalization of genes, and enhanced complexity of the protein interaction network (Shan et al., 2009) . Furthermore, divergence of regulatory regions may also be involved in diversification of MADS-box gene function (Shan et al., 2007) .
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